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1. Introduction

1.1 Objectives

The Comprehensive Test Ban Treaty (CTBT) will require the detection and
identification of seismic events down to low magnitudes. This requirement will make it
necessary to rely on regional seismic monitoring to locate and identify small events.
Although considerable progress has been made over the past decade in understanding the
characteristics of regional seismic signals, effective regional discriminants, which can be
applied generally, have yet to be determined. The two fundamental problems which
remain for regional discrimination are (1) lack of adequate empirical data from different
source types and different regions to provide the nécessary calibration of regional
discrimination techniques, and (2) incomplete understanding of how regional seismic
signals depend on physical characteristics of the source and on the propagation
environment along the path to the recording station. The goal of this research project is
to improve physical understanding of the effects of source and propagation on a speciﬁc
regional discriminants - viz. the L,/P ratio. Over the years, the L,/P ratio has proven to
be one of the more promising and enduring measures for distinguishing between
explosions and earthquakes. By improving understanding of the physical basis for this
discriminant, we hope to acquire the knowledge which will enable more reliable
application of the discriminant and the extension of regional discrimination capabilities
into uncalibrated regions.

To reach this objective, the research program includes an empirical element
aimed at determining the characteristic behavior of L /P ratios and their dependence on
frequency and distance for the various source types of interest and for different source
regions where these observations are available. These empirical observations are then
used to constrain theoretical models represeﬁting the source types and regional
propagation paths, The models which are derived and refined from this proéeés can be
used to improve understanding of the physical basis for discriminating events with L,/P

ratios.



1.2 Accomplishments

For use in the empirical element of this research program, we have collected
regional waveform data from a variety of source types including nuclear explosions,
earthquakes, rockbursts, and chemical blasts for a range of propagation environments.
Most regional waveform data for nuclear tests are available from only a few source
regions (viz. the Nevada Test Site (NTS) in the United States, the former Soviet test sites
at Shagan River (SR) in East Kazakhstan and at Novaya Zemlya (NZ), and the Chinese
test site at Lop Nor). To provide a wider range of source and propagation environments,
we have sought to supplement the nuclear explosion database with data from additional
underground nuclear explosions which were conducted in many areas of the former
Soviet Union as part of the Peaceful Nuclear Explosion (PNE) program. For comparison
to other source types, we have collected regional data from seismic sources other than
nuclear explosions in the same or nearby regions. These data include mainly earthquakes
near NTS and elsewhere in the western U.S., earthquakes along the southern border of
the former Soviet Union and farther south into China and other neighboring countries,
and earthquakes in Europe, Scandinavia, and several other regions. Records from some
non-nuclear explosions in a few different source areas are also in the database. In
addition, we have included regional seismic data from rockbursts and other mining-
induced events from many different regions, such as South Africa, Central Europe, and
the eastern and western U.S. We are continuing to supplement the database with more
recent events of all types recorded at the modern IDC and other digital stations for areas
of interest.

In analyzing the seismic waveform data from these events, we have used both
Fourier spectral analyses and band-pass filter analyses of the signals at regional stations
to determine amplitudes in group-velocity windows corresponding to L, and regional P.
Ratios between regional phases (viz. L,/P) at spectral frequencies or at filter center
frequencies have been determined; and the spectral ratios were plotted as a function of
frequency. We are still experimenting somewhat to determine the most effective ways to

measure these regional phase spectra and spectral ratios. Alternative group velocity



~windows, frequency bands, and amplitude baveraging techniques are being assessed. We
are also investigating effects of source region and attenuation on L,/P ratios.

Results from our initial investigations are generally in agreement with past
findings which indicate that L /P ratios are lower for nuclear explosions than for other
types of sources with the largest differences observed at higher frequencies. The ratios
for rockbursts and earthquakes tend to be similar, showing relatively high values (near
one) over a fairly broad range of high frequencies; while the ratios for nuclear explosions
normally fall well below one at high frequencies.. Some of our best-controlled
observations are from nearer-regional stations surrounding NTS explosions and nearby
earthquakes, while our experience from Eurasian explosions and earthquakes generally
involves more-distant regional stations. Our results show differences in the L,/P ratio
behavior with frequency for the same source types from the different sets of
observations. The ratios generally show less rapid decline with increasing frequency for
NTS explosions than for East Kazakhstan» explosions. We have been attempting to
determine whether this effect can be explained by attenuation differences or whether
source excitation differences might also be a factor.

With regard to theoretical modeling of the behavior of the L, and regional P
signals from different types of seismic sources, a long-standing problem has been to
adequately explain the S or L, signals associated with nuclear explosions. Several
possible mechanisms for generation of such signals are under consideration; these
mechanisms generally can be grouped into two categories: (1) those related to indirect
conversion of energy radiated by the isotropic explosion source into S waves, or (2) non-
isotropic components added to the explosion to produce a composite source which
generates the S waves. We have been attempting to evaluate the effectiveness of several
such mechanisms for L, generation within some representative crustal models. The
crustal models which we have used in these analyses so far include a Gutenberg earth
model, along with models for NTS and for the former Soviet test site in East Kazakhstan.

One mechanism for L, generation from the explosion source which has been analyzed is

R,DL, scattering. Our initial model studies suggest that this mechanism can possibly

explain some of the observed characteristics of regional signals from buried nuclear



explosion sources, but maybe not others. In particular, the model predicts that R,>L,
scattering for frequencies near 1 Hz is probably as effective as near-source P=>S
conversions at horizontal interfaces. However, this mechanism may not be capable of
producing the relatively large L /P ratios observed from nuclear explosions at frequencies
of 1 Hz and lower; and at higher frequencies this mechanism for L, generation is quite
ineffective. Additional studies of this and other mechanisms for producing the observed
behavior of L/P ratios with frequency for explosion sources are currently being pursued.
We will ultimately seek to explain the different effects of the explosion and non-

explosion mechanisms on this behavior for representative crustal models.

1.3 Report Organization

This report is divided into five sections including these introductory remarks.
Section 2 describes the event database which we have been working with. Section 3
discusses the results from the analyses of the empirical data in several different regions.
Section 4 describes the modeling studies which have been performed, focusing on
investigations of the physical mechanism and efficiency of generation of L, signals by
explosion sources. Section 5 summarizes the preliminary results and describes the plan

for continuing work to determine the physical basis for the L/P regional discriminant.



2. Database for Regional Discrimination

2.1 Availability of Regional Data for Discrimination Studies

Regional recordings of underground nuclear explosions cover a very limited
domain in space and time. Over the years the most active test sites have been at NTS in
the western U.S., near Shagan River in East Kazakhstan, and Novaya Zemlya in the
Russian arctic. In addition, numerous tests were conducted by the former Soviet Union
in the North Caspian basin and elsewhere throughout their former territories as part of
the Peaceful Nuclear Explosions (PNE) program. France has also detonated numerous
nuclear explosions at a site in the South Pacific and, prior to that, in northern Africa.
Additional nuclear explosion tests have been conducted in western China at Lop Nor, and
there have been scattered events in other source regions. So, while there have been
underground nuclear explosions in a variety of geographic areas around the world, there
are large portions of the world where there is little or no experience with nuclear tests. In
comparison, earthquakes and other seismic sources also occur in many regions
throughout the world; but the areas around many of the nuclear explosion test sites are
relatively inactive with respect to these alternate sources. As a result, direct empirical
comparisons may not be convincing unless a proper physical understanding can be
developed to serve as the basis for analyzing regional signals from different source types
and propagation regions.

A second factor affecting availability of data for regional discrimination studies is
the history of seismic monitoring. The seismic monitoring environment is continually
changing as newer, better-quality single stations and arrays are fielded and calibrated.
However, because of testing moratoria and the tapering off of the nuclear testing
programs in most c;ountries, there are little or no data available from nuclear explosions
at many of the more modern stations. The new data alone are inadequate to calibrate
 regional discrimination capabilities, particularly at the level which would be required for
reliable CTBT monitoring. The historical regional data can be useful in helping to infer

the characteristics of regional signals from potential nuclear tests in uncalibrated regions.

A physical basis for such inferences is critical to understanding the behavior of



discriminant measures and how they are likely to perform in such regions. After

establishing the physical basis for regional discrimination, the regional observations for
alternative event types from the modern station network can be reassessed to evaluate

CTBT event identification capabilities.

2.2 Event and Station Locations from Historical Database

In a previous report (cf. Bennett et al., 1996), we described the characteristics of
the regional seismic database of underground nuclear explosions and earthquakes which
we have been working with to improve discrimination capability. We also discussed
there what additional data from some of these historical seismic stations might be
available and useful for supplementing the current database. In this report we will only
summarize the database description from our previous study. Traditionally, the best
controlled data sample for analyzing the differences between regional signals from
nuclear explosions and earthquakes is the large body of regional recordings from NTS
nuclear explosions and nearby earthquakes (cf. Murphy and Bennett, 1982; Bennett and |
Murphy, 1986; Taylor et al., 1989). In the course of our regional discrimination studies
over the years, we have collected digital waveform data from selected NTS nuclear
explosions and earthquakes in the surrounding regions. In general, we have tried to
select earthquakes and explosions for direct comparison which have similar propagation
paths, so that attenuation differences would not be a significant factor. As a result, the
majority of earthquakes in the database are events with epicenters within about 100 km
of NTS. The majority of these earthquakes tend to be small. To provide comparisons at
some of the more distant stations, we have relaxed this constraint somewhat and included
larger explosions and earthquakes with somewhat greater source separation but still with
roughly comparable epicentral distances, and thus similar propagation. Figure 1 shows
the locations of the stations in this database for western U.S. events. Much of the data
comes from nearer-regional stations; signal-to-noise levels tend to be poor at the farther
stations, especially for L,, although regional signals are strong in some frequency bands
for larger events even at far-regional stations. The map in Figure 2 shows the locations

of stations in Eurasia from which we have collected good regional signals from Eurasian
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nuclear explosions and earthquakes in the current database. In this case, many of the data
come from farther regional stations; the signal-to-noise levels tend to be fairly high on
broadband records for many of the larger magnitude events, although the S and L,
signals sometimes have limited useful bandwidth at these greater distances.

Figures 3 through 6 summarize the distribution of the observations in our regional
database with respect to epicentral distance and event magnitude. In this presentation we
have combined the samples from the western U.S. and Eurasia; in our prior report (cf.
Bennett et al., 1996) we provided separate distributions for these regions and compared
between the regions. Figures 3 and 4 show the distributions with respect to epicentral
distance for nuclear explosions and earthquakes, respectively. The distributions appear
similar with the data concentrated at ranges less than 1000 km for both source types.
This is primarily due to the prevalence of nearer-regional stations in the western U.S.
database for nuclear explosions. It is noteworthy in this regard that, in assembling the
database, we deliberately sought nearby events of similar magnitudes for comparison;
and, because most earthquakes occurring near NTS were small, we also sought small
explosions which were not necessarily very well recorded at more distant stations. In
contrast, the regional data from Eurasian seismic events tend to be concentrated at
distance ranges of 1000 km and beyond. This is primarily because the seismic stations
available for recording nuclear explosions from the former Soviet Union were generally
located at far-regional distances from the principal test sites, and again we sought
earthquake observations for comparison which would be at similar epicentral distances.

Figures 5 and 6 show the distributions of the regional data in the database with
respect to magnitude for nuclear explosions and earthquakes respectively. The
distributions are somewhat similar, although the earthquake distribution tends to be
spread over a broader magnitude range and appears to be biaséd somewhat toward
~ slightly lower magnitudes than the nuclear explosions. This is related to the difficulty
alluded to above in trying to find large earthquakes in proximity to the nuclear test sites
for use in comparisons. It should be noted, with regard to the L /P ratio discriminant,

that such magnitude differences are probably less critical than for the L, spectral ratio
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discriminant (cf. Bennett et al., 1996), assuming that L, and regional P scale similarly

with magnitude.

3. Analyses of Empirical Data
3.1 Background for L /P Ratios as Discriminants

The status of regional seismic discrimination was reviewed by Blandford (1981)
and by Pomeroy et al. (1982). Of the 15 discriminant measures considered by Pomeroy
et al,, the /P ratio was one of six regional observations assessed to be most promising
for event identification. The original observational basis for the use of L /P amplitude
ratios as discriminants between underground nuclear explosions and earthquakes was
from studies by Willis (1963) and Willis et al. (1963). Willis found that recordings of
NTS nuclear explosions and nearby earthquakes observed at a distance of 450 km
showed differences in L /P,, S,/P,, and S,/P, amplitude ratios, with the largest differences
seen for L/P,. Willis et al., using observations from a global database of explosions and
earthquakes, found that nearly 80 percent of the earthquakes had larger L,/P ratios than
explosions. = However, Pomeroy (1977) and Pomeroy and Nowak (1979) found
conflicting evidence between observations of L /P for the eastern U.S. and the western
areas of the former Soviet Union. While L /P ratios were much larger for earthquakes in
the eastern U.S. than for the single nuclear explosion (viz. SALMON), a sample of
explosions and earthquakes from the former Soviet Union produced roughly equal L, and
P amplitudes for both event typés. Blandford (1981) was able to achieve substantial
success in separating L/P amplitude ratios for western U.S. earthquakes. and
underground nuclear explosion tests by adjusting the measurements for distance
differences, presumably related to attenuation. He found that L /P amplitude ratios were
a factor of 3-5 larger for eastern and western U.S. earthquakes than for U.S. nuclear
explosions when the observations were adjusted for amplitude decay to a common range
of 1000 km. Murphy and Bennett (1982) looked systematically at the L, and regional P
amplitudes from a sample of NTS explosions and earthquakes within 100 km of NTS
recorded at a range of about 530 km and found that the L /P ratios for nuclear explosions

and earthquakes had statistically indistinguishable populations. However, it should be
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noted that the waveform data in some of these early studies is not always of highest
quality and that time-domain observations frequently suffer from bandwidth limitations
of the recording systems in use at the time.

Taylor et al. (1989) assessed the variety of regionai discriminant measures
identified by Pomeroy et al. (1982) on the basis of observations from a large sample of
NTS explosions and western U.S. earthquakes recorded at the Lawrence Livermore
National Laboratory (LLNL) seismic network surrounding NTS at ranges of 225 km to
400 km from the explosions. These data represent a significant improvement in quality
and quantity over previous studies of regional discrimination. They found significant
separation in the L/P, ratios between source types but also noted considerable data
scatter and overlap. Bennett et al. (1989) analyzed high-quality data recorded at a single
station at somewhat larger regional distances in the western U.S. from a small sample of -
NTS explosions and regional earthquakes and found that the broadband L /P ratios were
larger for the earthquakes than for the explosions. However, band-pass filter analyses of
these data demonstrated conflicting results in different frequency bands, suggesting the
need fbr refinement in these measurement techniques.

With regard to L /P ratios for Eurasian events, Bennett et al. (1989, 1992)
investigated the ratios for Shagan River, Lop Nor, and Novaya Zemlya nuclear
explosions and earthquakes in the same general region with similar epicentral distances
recorded at high-quality, mainly far-regional digital stations. They found that the L /P
ratios were frequency dependent with the ratios at frequencies of 1 Hz and lower
- showing similar levels for nuclear explosions and earthquakes, while above 1 Hz the
ratios tended to be significantly larger for earthquakes than for explosions. Bennett et al.
also found some station-dependent differences in the ratios which could be indicative of
propagation effects, but comparisons of the ratios for nearly collocated explosions and
earthquakes showed that much of the observed differences could be explained by source
excitation differences. Baumgardt and Young (1990) and Dysart and Pulli (1990)
investigated L,/P ratios for small earthquakes and mine blasts in northern Europe and
Scandinavia recorded primarily at near-regional high—quality array stations. They also

found  that earthquakes normally produced larger ratios than the blasts, but the

13



implications for discrimination of nuclear explosions are not clear because we have only

very limited experience comparing the excitation of L, and regional P signals from large

industrial blasts and nuclear explosions in similar source environments.

3.2 L,/P Ratio Behavior in the Western U.S.

As noted above, the original development of regional phase spectral ratios as
discriminants was based primarily on analysis of near-regional (viz. ranges less than
about 800 km) signals from NTS nuclear explosions and earthquakes in the western U.S;
and these data still provide the best controlled sample for comparing the behavior of
regional phases from these types of sources. Therefore, the initial phases of this project
have focused on additional careful analyses of some of these data. In particular, we
computed L. /P ratios as a function of frequency using the results of band-pass filter
analyses applied to the vertical-component records at the LLNL regional network stations
from ten NTS underground nuclear explosions and eight nearby earthquakes. Figure 7
shows the locations of the stations and events. Because of the proximity of the
explosions and earthquakes and similarity of paths, we would not expect significant
differences in the L, and regional P signals due to propagation differences; but we will
analyze these effects in greater detail as the research continues. In the band-pass filter
processing we have used a set of fairly broad, overlapping filter passbands (cf. Bennett et
al., 1989, 1996) throughout most of the analyses. Examples of the results from
application of these filters to some typical near-regional records were shown in Bennett
et al. (1996) and will not be repeated here. The maximum L, and P amplitudes were
measured from the filter output in each frequency passband, and the corresponding ratios
were computed and plotted as a function of filter center frequency. In the later stages of
this project, we plan to investigate alternative filtering procedures as well as different
measures of L, and regional P signal strength. Because the measurements of L, and P are
from the same frequency band, we would not expect any effect from instrument response
and simplified magnitude-scaling laws would indicate that L, and P have similar
frequency dependence, so that there should be little effect on their ratio from magnitude

differences between events.
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Figure 8 shows L /P ratios as a function of frequency for eight NTS nuclear
explosions recorded at LLNL station KNB (R = 290 km). In general, the ratios have
values between one and three at frequencies below about 1 Hz and decline toward higher
frequencies. The ratios have values between about one and 0.2 at frequencies above 2
Hz, although there seems to be considerable variability between events. Figure 9 shows
similar L /P ratios for five earthquakes recorded at KNB. In this case the ratios have
values between two and five at frequencies below about 1 Hz and show only a slight
decline with increasing frequency. The earthquake ratios have values between about one
and five at frequencies above 2 Hz. Figure 10 shows the L /P spectral ratios averaged .
over the events for each source type at station KNB. This figure tends to make the
general trends more clear; as the average L/P ratio is only about a factor of 1.5 larger for
earthquakes at frequencies of 1 Hz and lower, but above about 3 Hz the average L /P
ratio is about a factor of five larger for the earthquakes.

In Figure 11, we illustrate the consistency in the average L/P ratios between
stations. The plot compares the average L/P ratios as a function of frequency for the
NTS nuclear explosion sample recorded at each of the LLNL stations. The average
ratios are surprisingly consistent varying by only about a factor of 1.5 around the average
determined from all the stations and events. Trends in the slopes of the average curves
are notably similar between stations; the biggest differences seem to be in the ratio levels
at the individual stations. |

Overall the analyses of the western U.S. data indicate that L /P ratios are larger
for underground nuclear explosions than for earthquakes. The ratios appear to show
more separation between source types at frequencies above about 2 Hz. Over the
frequency band analyzed, the earthquake ratios tend to maintain values above one out to
high frequencies; while the nuclear explosion ratios drop off more rapidly toward high
frequencies to values well below one. One interpretation for this behavior would be that
the regional P and L, signals have similar spectral content for the earthquake source, but
for the explosion source either the high frequency content of L, is depleted or the high
frequency content of the regional P is enhanced or some combination of these effects

prevails. A somewhat troubling aspect of our western U.S. observations from the
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Figure 8. Lg/P amplitude ratios as a function of frequency at station KNB for NTS
underground nuclear explosion tests.
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standpoint of disciminant reliability is the relatively large scatter in the L,/P
measurements between sources at a common station. Some of the variations for the
earthquakes may be attributable to source or propagation differences between events, but
the variability in the explosion ratios would not appear to be related to these factors since
the sources and propagation paths are nearly the same from event to event. In fact, the
observation of similar average L /P spectral ratios at the different stations when the
measurements were averaged over the available explosions seems to suggest that the path
differences are relatively small contributors to the overall variability. In the latter phases
of this research project, we hope to test some alternative measures of L, and P signal

strength which may provide more consistent L /P ratios for particular sources.

3.3 L/P Ratio Behavior in Eurasia

We performed the same band-pass filter analyses to determine L, /P spectral ratios
for a sample of Eurasian nuclear explosions and earthquakes. We focused our initial
efforts for this region on careful analyses of the records at the CDSN station WMQ in
China. For many years this station was the nearest regional station to the former Soviet
test site at Shagan River, and the sample of data collected at this station from the
numerous explosions provide an important link to extend regional monitoring of nuclear
explosions to areas outside the western U.S. Figure 12 shows the locations of five
Shagan River underground nuclear explosions and five regional earthquakes at similar
distances (R = 980 km) relative to WMQ. We used the same, rather broad, overlapping
band-pass filters as used in analyzing the western U.S. data and applied them to the
vertical-component records at WMQ.

In Figure 13, we show the L /P amplitude ratios as a function of filter center
frequency for each of the five explosions and five earthquakes. At frequencies of 1 Hz
and below, the L /P ratios have values between about 1.5 and 7; and there is little
distinction between the two source types. However, the L/P ratios for the nuclear
explosions fall off very rapidly at frequencies above 2 Hz; so that the ratios are between
about .05 and .15 for the nuclear explosions. In comparison, above 2 Hz the earthquake

L/P ratios fluctuate between about 0.2 and 1.5. So, we again see similar distinctions in
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Figure 13. Lg/P amplitude ratios as a function of frequenéy at station WMQ for
Shagan River nuclear explosions and earthquakes at similar epicentral distances.
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the L /P ratios with higher ratios for earthquakes than explosions and larger differences at
higher frequencies. With regard to consistency between events, the L /P ratios as a
function of frequency for the nuclear explosions observed at WMQ are remarkably
consistent between events, particularly with regard to the spectral shape. The variability
for the explosions here is much smaller than that which we saw above in Figure 8 for the
NTS explosions. The variability in the L /P ratios between Shagan River explosions is
only about a factor of 2-3 compared to about a factor of 7 for the NTS events in Figure 8.
The variability in the earthquake L,/P ratios here is about a factor of 5, nearly the same
as that seen above in Figure 9 for earthquakes in the western U.S. The largest variations
for the earthquakes in both areas are at frequencies between about 4 and 6 Hz.

Figure 14 shows the average L/P ratios determined from the five SR explosions
and from the five regional earthquakes. The average ratios are very similar for the
explosions and earthquakes at frequencies below about 2 Hz, with values near one.
Above 2 Hz the average earthquake L/P ratio remains fairly steady at a value near 0.8-1,
while the average explosion L /P ratios fall to values from .07 to .15. So, above 2 Hz the
difference between the average explosion and average earthquake L /P ratios at WMQ is
a factor of 5 to 14.

To provide some comparisons with other Eurasian nuclear explosions,' we
computed L /P spectral ratios for five PNEs recorded at regional distances from the high-
quality station at Borovoye, BRV; unfortunately no regional records from comparable
earthquakes are currently available for this station. The locations of the explosions with
respect to BRV are shown in Figure 15. Four of the events are at similar far-regional
epiéentral distances (800 km <R < 990 km) but at different azimuths around BRV, and
the fifth PNE was at a near-regional distance from BRV (R =310 km). Figure 16 shows
the L /P ratios as a function of filter center frequency for the five PNEs. These ratios
generally show more variability than was seen for the Shagan River explosions, and the
trends are less clear. There does appear to be an overall decline in the ratios toward
higher frequencies. However, the frequency dependence in the L/P ratio is quite
different for the nearest PNE (viz.' 08/28/73), which suggests that the consistency

between events might be improved by adjusting for attenuation differences. Also, some
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unusual azimuthal effects have been noted for the regional signals around station BRV
(cf. Murphy et al, 1996; Bennett et al., 1996) which could explain some of the
differences in the spectral shapes of the L /P ratios, even though the epicentral distances
are similar. In Figure 17, we compare the average L /P spectral ratios for the four PNEs
at similar distances recorded at BRV with the average ratios for the five Shagan River
underground nuclear tests recorded at WMQ, as shown in Figure 14. The average L/P
ratios are fairly similar at frequencies below about 2 Hz and both show fairly rapid
decline in levels above 2 Hz; however, the decline is more rapid for the Shagan River
events. At frequencies from 3 to 9 Hz, the L/P spectral ratio levels are aboutv a factor of
four lower for the Shagan River events than for the PNEs. As noted above, the relatively
high L /P ratios for the PNEs could be related to the anomalous azimuthal propagation
effects on regional signals around station BRV. In fact, the L /P ratios for the PNEs at
southern (viz. 09/19/73) and western (viz. 10/26/73) azimuths from BRV show more
rapid fall off in the L/P ratios with increasing frequency and are more similar to the
Shagan River event ratios. The PNEs at more northerly azimuths from BRV show a
weaker P, phase and a strong P, phase which are different from the other records (cf.
Murphy et al., 1996), and this could be affecting the L /P spectral ratios. We anticipate
that some additional refinements in the measurement procedures and adjustments for
propagation differences could reduce some of the scatter in the L /P ratios for the PNEs

at BRV and increase their similarity to the Shagan River explosions.

3.4 Comparisons Between Regions

Finally, as part of the empirical element of this research project, we have sought
to make some preliminary comparisons of the behavior of the L/P spectral ratios
between different regions. We have made no attempt, as yet, in these comparisons to
adjust for differences in observation distance or attenuation which could affect the
regional phase spectra and the corresponding spectral ratios. Figure 13 shows average
L,/P ratios, determined as described above, for several different nuclear explosion
samples. In general, the L /P ratios have average values above one at lower frequencies

(below about 2 Hz) and then show a decline toward higher frequencies. It is interesting
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Figure 17. Comparison of average Lg/P amplitude ratios as a function of frequency
for four PNE's at station BRV and five Shagan River nuclear tests at station WMQ

recorded at similar epicentral distances.
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Figure 18. Comparisons of Lg/P amplitude ratios as a function of frequency for
selected samples of underground nuclear explosions from several source regions.
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to note some of the similarities in the L./P ratio spectral shapes in the figure. First, for
the farther regional observations at WMQ (R = 980 km) and ARU (R = 1500 km) from
Shagan River underground nuclear explosions, the L,/P spectral ratios appear very
similar. The values are well above one at low frequencies and then drop off very rapidly
with increasing frequencies. There are also strong similarities in the L,/P spectral shapes
Between the average for NTS explosions at all LLNL stations and the average for the
four PNEs at similar distances around BRV. There the L /P ratios coincide at low
frequencies at values just above one and then decline more slowly with increasing
frequencies. The L./P spectral ratio for the single PNE nearest BRV has values near
those of the other explosions at low frequencies, but at higher frequencies the ratios tend
to be higher for this event. In general, the L/P ratios show sharper decline with
frequency for the observations at the farther regional stations. At the nearer stations the
ratios still show some decrease with frequency, and the decline seems to be somewhat
greater in regions where crustal attenuation is stronger (e.g. vicinity of NTS).

Figure 19 shows average L,/P spectral ratios for several earthquake samples. The
ratios here are generally larger than those for the nuclear explosions in Figure 18. The
ratios tendlto be larger where the stations are closer (e.g. near-NTS earthquakes and
eastern U.S. events). For the farther regional observations (e.g. earthquakes at WMQ
and ARU), the Lg/P spectral ratios fall off but still tend to remain at or near one at high
frequencies. Finally, we show in Figure 20 the L,/P spectral ratios for an additional
category of events important to CTBT monitoring (viz. rockbursts). Average L/P
spectral ratios are shown for rockbursts in three different regions (viz. South Affica,
Poland, and eastern U.S.) as measured at selected nearer-regional stations. The spéctral
shapes in Figure 20 are fairly similar and not much different from those for the
earthquakes in the previous figure. The ratios tend to be the greatest at low frequencies
(below about 2 Hz) with values in the range 2-5. The L,/P values for the rockbursts
show a slow decline with increasing frequency with the decrease being slightly greater

for the eastern U.S. events.
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Figure 20. Comparisons of Lg/P amplitude ratios as a function of frequency for
rockbursts from several mining regions.
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4. Theoretical Basis for Understanding of L./P Ratios
4.1 Modeling Regional Behavior of L, and P Signals

It is tacitly assumed that explosions show larger L /P ratios because explosions
are more isotropic and more efficient radiators of P waves than of S waves. Mechanisms
for the generation of regional S and L, by explosions fall into two categories. Either they
depend upon the conversion of seismic energy radiated by the isotropic source into S
waves or they add non-isotropic components into the explosion source. We can list the
mechanisms for L, generation by explosions as follows:

e P->S conversion at the free surface above the isotropic explosion,

e P-S conversion at horizontal interfaces near the source,

® P->S conversion at non-horizontal interfaces and lateral heterogeneities,

e RS conversion by lateral heterogeneities,

* S radiation by the spallation source near the surface above the explosion, and

* nmnon-isotropic S radiation by deviatoric earthquake-like components in the

source.

Clearly, all of these mechanisms are at work to some degree or another in any
seismic source, and it may be that two or more mechanisms are responsible to a major
degree for the differences that we observe in L/P ratios between sources. There are
basically three primary observations that we would like to explain with one or more of
these mechanisms. First, the consistency of the 0.5-t0-1.0 Hz L, amplitude versus
explosion yield suggests that the mechanism is a stable part of the normal buried
explosion source. Second, the L /P ratio near 1 Hz is often larger for earthquakes than
for explosions; although our spectral observations from the preceding section suggest that
the results at low frequencies are often mixed in some areas. Third, the explosion L,
spectra fall off faster than earthquakes with inéreasing frequency. The second
observation leads to an L /P ratio discriminant near 1 Hz. The third observation leads to
an L, spectral slope (or L, spectral ratio) discriminant and the improved discrimination

capability for L /P ratio measurements at frequencies above 1 Hz.
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In this section of the report, we describe theoretical modeling efforts focused on
the effectiveness of R, to L, conversion as a source of the L, signals from explosion
sources. A recent investigation by Patton et al. (1995) argued that nulls in the L, signals
near 0.7 Hz from explosions at NTS could be explained by R, excited by the spallation
source and then subsequently converted from R, to L, In this case, the argument
presented is that the compensated linear vector dipole (CLVD) source has a null for the
excitation of the fundamental Rayleigh wave near 0.7 Hz. The NTS observations
indicated that the null was present for normally buried explosion shots that produced
spallation, but absent for an over-buried shot that did not produce spallation. We
examine in Section 4.2 the feasibility of the hypothesis that R,-to-L, conversion is an
important source of L, at 1 Hz. It is possible from theoretical considerations to quantify
- the upper bounds on the amount of L, amplitude relative to far-field P-wave amplitude.
These bounds are rigid and assume that ALL R, energy is converted into P-SV higher
modes, which arrive in the L, window without scattering into the Lg_coda or into SH
higher modes. For two realistic crustal models (viz. NTS and East Kazakhstan), we have
found that the upper bounds on the L/P ratio from the R,”L, mechanism are
comparable to the L /P ratios expected from the explosion source alone generated by
P->S conversion at the free surface and by P->S conversion at horizontal interfaces near
the source. Since it is likely that the scattered energy will be distributed into SH as well
as SV modes, the R,L, scattering mechanism can only at best match these two
mechanisms in effectiveness at 1 Hz. Since the R,2L, mechanism predicts rapidly
decreasing L, amplitudes above 1 Hz, it is even less likely that the mechanism

contributes significantly to L, above 1 Hz.

4.2 Upper Bounds on the Scattering of R, into L,

It has been suggested by Patton and Taylor (1995) and others (e.g. Jih and
McLaughlin, 1988; Gupta et al. 1991; and Xie and Lay 1994) that scattering of short
period Rayleigh waves may be a significant source of L, from shallow explosions. In a
simple layered Earth structure, pure explosion sources only excite L, waves by

conversion of compressional wave energy at interfaces such as the free surface, and the
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conversion of such compressional wave energy to shear-wave energy that will be trapped
in the crust as L, is inefficient. The P-wave velocity at the explosion’s shallow depth of
burial (200 to 1000 m) will often be close to or higher than the shear-wave velocity
below the Moho (~4500 m/s); and, therefore, the explosion does not excite much P-wave
energy at wavenumbers that can be converted to S-waves trapped in the crust by plane
layered interfaces. The consistency of my(L,) as a yield estimator has led researchers to
search for a robust mechanism whereby explosion generated seismic energy can be
converted into short-period S waves trapped in the crust as L, The strength and
reliability of explosion-generated short-period fundamental Rayleigh waves known as R,
led several researchers to propose the R,-to-L, scattering mechanism as a solution to the
explosion-generated L, problem. Attenuation for short-period R, is strong and probably
dominated by scattering from near-surface lateral heterogeneity; R, waves at 1 Hz rarely
survive to distances of 100 km.

In the following, we estimate the maximum L, that could occur from this
mechanism assuming that 1) all of the R, scatters into P-SV L, and 2) seismic energy is
conserved. This analysis leads to an upper bound on the L, amplitude that can be
produced by the R -to-L, scattering mechanism.

The vertical displacement from the initial R, wave %,° has the form

u’(®,2,7) = Ay (0 ) exp(=ikr) E, (k,z) | \Ir (1)
where k is the wave number w/c, ® is the angular frequency, z is the depth, E, is the
Rayleigh wave vertical displacement eigenfunction which is normalized to 1 at the free
surface z = 0, and A, is amplitude spectrum which depends on characteristics of the
source and source region earth structure. The radial displacement has a similar form with

E, replaced by the radial eigenfunction E,. The kinetic energy T in the mode is given by

< 2
1o =407 [ ol +he [ 3 = s 17 o
0

where 1,° is the energy integral on the left with the superscript indicating the fundamental
mode. I, is the notation used by Takeuichi and Saito (1972) for this integral. In the
notation of Harkrider (1964)
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where U is the group velocity and Ay is Harkrider’s amplitude factor.
If u,” is now converted to a sum of higher modes, we have
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which using the orthogonality of the modes has a total energy of
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So from equations 2 and 5 and the requirement for conservation of energy we have

N
@) 12 =D |4 @)1} ©)

i=1
Equation 6 constrains the values of A,. Although we do not know how much energy _
scatters into individual modes, we can use this constraint to place some bounds on the L,

amplitude. If the amplitude of each mode is the same then
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and if the modes add incoherently, then

1
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The maximum L, amplitude will occur if all of the R, energy transfers to the single L,

mode with the minimum energy. In that case we have

1 0
U, Il
— & — . 9
max

If the energy is equally partitioned among all of the higher modes, then we can expect
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Equations 8-10 provide some reasonable upper bounds on the scattering of R, into L,. It

2 |equipartition
is interesting to note that Eq. 8 and 10 do not explicitly include the number of modes but
only averages of the modal energy integrals, (I,") and their inverse (1/1").

Figure 21 shows the values of the energy integrals, I,’ calculated at a frequency of
1 hz for the first 10 modes in three earth structures: a Gutenberg Earth model and models
for the Nevada Test Site (NTS) and the former Soviet East Kazakh test site (Stevens,
1986). Note that for mode numbers greater than 3 the energy integrals are nearly
constant for each model. The energy in these modes is distributed throughout the crust.

The relative amplitudes of Eq. 8-10 are listed in Table 1. For the energy
equipartition scattering model, the results are fairly consistent, approximately 15% for
each of the three earth models. Scattering ratios vary from about 6% to 50% for the
other scattering models. The equipartition model is attractive in that it predicts that the
L, amplitudes will be approximately the same fraction of R, ainplitude for all three
models.

The numbers in Table 1 represent upper bounds of spectral amplitude of L,
relative to the predicted spectral amplitude of the fundamental mode not attenuated by
scattering. For example, to use these results to compute upper bounds on spectral L /P
ratios we must first compute the predicted spectral ratio of R,/P. Furthermore, if we wish
to use these results to compute upper bounds on the time domain amplitudes we must
make some assumptions about the time duration of the L, signal. For example we might
assume that the L, energy is distributed over a group velocity interval from 3.6 to 2.0
km/s and invoke random vibration theory to estimate peak amplitudes. In practice
however, the R,->L, conversion will probably be more spread out in time and contribute
to the L, coda as well as the traditional L, group velocity window. Another mechanism
that may contribute to lower upper bounds of L, energy that could be converted from R,
is the conversion of P-SV R, and P-SV L, to SHL,. It is reasonable to believe that R,

scattering will contribute to the transverse modes of L, as well as the P-SV modes; and,
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Figure 21. Energy in each mode in three different earth models.

Model ' Gutenberg NTS EKZ
Equal amplitude 0.114 0.059 0.129
Equipartition 0.131 0.185 0.162
Maximum 0.172 0.494 0318

- Table 1. Scattering ratios for three types of distribution among higher modes: equal
amplitude, equipartition of energy, and maximum amplitude in a single mode.

Model

Gutenberg NTS EKZ

L/P
from
explosion source
L/P
R,~>L, scattered
from
" explosion source

1.7 5.0 3.0

11 6.2 8.1

Table 2. L/P amplitude spectral ratios at 500 km for three models from an explosion
point source at a depth of 500 m. In each case, the R ->L, generated L spectral energy is
comparable to the L, energy directly excited by the explosion source.
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therefore, we can expect perhaps only 50% of the R, energy may be available for the P-
SV modes of L,. Gupta and Blandford (1983) suggested just this equipartition of energy
may be taking place between the P-SV and SH modes of L, and suggested this as a
mechanism for the short-period transverse motion from explosions observed at regional
distances.

As an example of the use of these bounds on P-SV L, from R, scattering, we
estimated the spectral amplitude ratios of L/P for the three models at a distance of 500
km at 1 Hz. Figure 22 shows a synthetic vertical component velocity seismogram
bandpassed between 0.75 and 1.25 Hz for an explosion point source (10" Nt-m) at a
depth of 500 m. The shear-wave attenuation of the EKZ model has been increased so as
to make the intrinsic attenuation of the fundamental mode Rayleigh wave (R,
insignificant. From this seismogram the spectral amplitudes of P, L,, and R, were
measured and tabulated. The spectral amplitude ratio bound can be estimated from L /P
= R/P) * R;?L/R,), where (R/P) is the ratio of R, to P measured from the
seismogram in Figure 22 and (R,L, / R) is the scattering ratio from Table 1. For the
EKZ model we get a ratio of about 8 at 1 Hz. For comparison, the L /P ratio for the
point source explosion is 3. If 100% of the explosion R, is converted to P-SV L,, the L,
spectral amplitude would nearly double. The results for the three models are summarized
in Table 2 assuming the equipartition of modal energy. The L, generated by R, to L,
scattering would range from 120% to 640% percent of the direct L,. If we consider a
CLVD source as suggested by Patton and Taylor (1995) then the R,>L, scattered L,
spectral amplitudes are reduced by 25% for the Gutenberg model and nearly the same for
the NTS and EKZ models.

In summary, we have investigated upper bounds on the mechanism of R,-to-L,
conversion using simple modal energy integrals assuming only 1) all R, energy is
converted to P-SV higher modes and 2) all seismic energy is conserved. These upper
bounds may be lowered if we consider the additional conversion of R, and P-SV modes
to SH modes, or P and S energy that leaks out of the crustal wave guide, or intrinsic
attenuation of R,. Three Earth structures considered all predict approximately the same
relative amplitude between the near-field R, and the far-field L,.
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Figure 22. Vertical component synthetic seismogram (0.75-1.25Hz) at a distance of

. 500km from a 10'* Nt-m point explosion source at a depth of 500m in the EKZ model.
The upper panel shows the complete synthetic seismogram. The lower panel shows the P
and Lg waveforms at a higher magnification. There is 50 times more spectral amplitude '
in the Rg than the P wave; however, if all of the Rg seismic energy is converted to
incoherent higher mode energy, the expected Lg spectral amplitude would only be 270%
larger than the direct Lg.
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S. Summary and Plans

5.1 Summary of Main Findings

This research program has involved two principal elements: (1) an empirical
element to determine the characteristic behavior of L /P amplitude ratios for the various
seismic source types in different tectonic environments, and (2) a theoretical element to
analyze the influences of the factors in the different source mechanisms and propagation
environments on the L /P ratios and to provide the physical basis for the observed
behavior. During the initial phase of this research the empirical element has focused on
careful review of the behavior of the L,/P ratios and their dependence on frequency for
good-quality recordings of regional signals from nuclear explosions in several different
tectoﬁic regions, earthquakes at similar regional distances and tectonic environments, and
selected alternative source types (viz. rockbursts) in several different regions. The
theoretical studies so far have focused primarily on the effectiveness of various
mechanisms for generation of L, by explosive sources.

In our review of the available regional seismic data, we have collected a large
representative database of regional seismic signals from nuclear tests, earthquakes, non-
nuclear blasts and rockbursts in a variety of propagation environments. As described in
Section 3, we have determined the behavior of L,/P amplitude ratios and their
dependence on frequency from many of these events and have found that they tend to be
consistent with experience indicating larger L /P ratios for earthquakes and rockbursts
than for nuclear explosions. Furthermore, the spectral studies show that the differences
in the ratios between the source types tend to be greater at higher frequencies (above
about 2 Hz). One negative aspect of the observations with regard to discrimination
reliability is that, although the average L /P spectral ratios show some clear differences
between source types, there seemed to be considerable scatter in the ratios for some of
the individual events. In some cases this seemed to be related to possible propagation
differences (e.g. for the PNE explosions at different azimuths around station BRYV), but
we also found some unusual scatter in the ratios for events of similar source type and

nearly common propagation paths (e.g. for some of the nuclear tests recorded by the
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LLNL network stations). It is hoped that refinements which are being developed for the
spectral estimation procedures and regional phase windowing will improve the
consistency of the measurements.

In Section 4, we presented theoretical upper bounds on L,/P ratios from R,>L,
scattering for realistic NTS and East Kazakhstan crustal models. We compared these
upper bounds at 1 Hz to the expected L/P ratios from an explosion source in a layered-
earth model where the L, signal is produced by conversion of P waves at the free surface
and other horizontal layers. We found that the hard upper bounds from the scattering
model are comparable to the explosion L, from the alternative model. Since several
mechanisms are certainly at work to reduce R =)L, scattered energy below the projected
upper bounds, we find it likely that the R,>L, scattering mechanism is a relatively minor
contributing mechanism to L, at 1 Hz for nuclear explosions. Furthermore, since the -
R, 2L, mechanism theoretically predicts a rapid decline in L, amplitude as a function of
increasing frequency, it is very unlikely that the mechanism contributes to L, at
frequencies above 1 Hz. This decrease in L, generated from R, with increasing
frequency results because the R, generation by the shallow explosion source declines
exponentially at higher frequencies. While this might eiplain the empirical observation
of the rapid decline in L /P ratios from explosion sources with increasing frequency, it is
likely that some of the other mechanisms for L, or S generation by the explosion could
also be controlling the L, signal strength in this frequency range. We hope to obtain
additional insight into these alternative mechanisms in the continuing stages of this

research program.

S.2 Plans for Future Work .
In the empirical element of this research, we will continue to refine the
observational techniques for measuring L /P ratios. We have been looking at alternative
“spectral measurements of the regional signals and methods for averaging amplitudes over
group velocity windows corresponding to the L, and regional P for the different
propagation regions. We also will be looking more closely at the effects of propagation

and attenuation on the regional P and L, phases in the different regions and attempting to
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define appropriate corrections to the ratio measurements for such propagation effects.

These results will then be related to the theoretical behavior expected for the different
source types in the different propagation environments. We also intend to look at
additional data from more recent events of various source types at several of the seismic
stations (e.g. IDC network) which are currently important for monitoring regional events
in selected source regions

For the theoretical element of the research program, we will continue over the

remainder of the program with our examination of the mechanisms for L, production

from explosion sources and L, propagation in general. We expect to refine the R,L,
scattering model and produce frequency-dependent upper bounds on L/P ratios. We
have concluded three-dimensional finite difference calculations of regional propagation
in crustal models with and without randomized structure. ~We are in the process of
analyzing these calculations and will conduct several more during this year. These
calculations examine the propagation of P, and L, in a three-dimensional crustal
waveguide. These calculations will help us address the problem of P->L, scattering near
1 Hz and the character of L, mode-mode conversion. We have been collecting various
crustal models for computation of a suite of synthetic layered-earth Green’s functions.
These models will be used to examine the variability of L /P ratios expected from various
sources due to crustal variability. The hypothesis that layering in the crust can be used as

a proxy for lateral heterogeneity will be examined using this suite of models.
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